We examined signaling responses in the skeletal muscle of strength athletes after strength exercises under high and moderate load. Eight trained male powerlifters were recruited. The volunteers performed four sets of leg presses to volitional fatigue using a moderate load (65% 1-repetition maximum [1RM]) for one leg, and a high load (85% 1RM) for the contralateral leg. The work volume performed by the leg moving a moderate load was higher than that of the contralateral leg moving a high load. Biopsy of the m. vastus lateralis was performed before, and at 1, 5, and 10 h after, cessation of exercise. Phosphorylation of p70S6k Thr389 , 4E-BP1 Thr37/46 , and ACC Ser79 increased after moderate load exercises, whereas phosphorylation of ERK1/2 Thr202/Tyr204 increased, and that of eEF2
Introduction
Strength training is practiced widely by those participating in sports, as well as by those undergoing rehabilitation or suffering illness. The main aim is to maintain or increase muscle mass and strength. At first glance, the most significant variable in strength training is exercise load. However, strength training performed to volitional fatigue using high and moderate loads leads to similar levels of skeletal muscle hypertrophy in untrained (Popov et al. 2006; Mitchell et al. 2012) and strength trained men (Schoenfeld et al. 2015; Morton et al. 2016) . It was suggested that this effect is associated with comparable muscle fiber recruitment and comparable rates of protein synthesis when performing exercises to fatigue under varying load (Burd et al. 2010) .
Mammalian target of rapamycin complex 1 (mTORC1) is a key regulator of protein synthesis in skeletal muscle. Activation of mTORC1 in response to strength exercise results in phosphorylation of the translation initiation regulators ribosome protein S6 kinase (p70S6k) and Eukaryotic translation initiation factor 4E (eIF4E) -binding protein 1 (4E-BP1), and subsequent acceleration of protein synthesis (Goodman 2014) . A specific inhibitor of mTORC1, called rapamycin, blocks increases in protein synthesis in the muscles of young recreationally active men completely during the first 2 h of recovery after strength exercise (Drummond et al. 2009 ). In addition, in recreationally active men there is a correlation between increased p70S6k
Thr389 phosphorylation and increased protein synthesis after acute strength exercise (Kumar et al. 2009 ), as well as between increased p70S6k Thr389 phosphorylation and muscle hypertrophy after strength training (Terzis et al. 2008) . The degree of mTORC1 activation may depend on the exercise load (Kumar et al. 2009 ) and work volume (Terzis et al. 2010 ) in recreationally active men. By contrast, although the increase in the rate of protein synthesis in muscles of those men is similar after strength exercise performed to volitional fatigue with 30% or 90% of 1-repetition maximum (1RM) loads, activation of the mTORC1-dependent signaling is different (Burd et al. 2010) . It could be suggested that a similar increase in the rate of protein synthesis after strength exercise performed to volitional fatigue under different loads, and the similar increases in hypertrophy caused by strength training performed to volitional fatigue under different loads are mediated by different patterns of activation of anabolic and, possibly, catabolic signaling pathways. However, the characteristics that determine activation of anabolic and catabolic signaling pathways after strength exercise performed to volitional fatigue under different loads are unclear.
Here, we hypothesized that strength exercises performed to volitional fatigue under different loads activate different signaling cascades to varying degrees, and that this activation is sensitive to work volume and/or exercise load. To test this, we examined signal responses in skeletal muscle of strength athletes after strength exercises performed to volitional fatigue under high and moderate loads. [9] [10] [11] [12] [13] [14] [15] [16] years, the frequency of training three times a week, the maximum performance when squatting with a barbell without equipment 225 kg) were recruited. All volunteers routinely used a high protein diet. They competed under the auspices of the International Powerlifting Federation and were regularly tested for doping. Subjects were informed of the purpose of the study, the experimental procedures, and potential risks, and all provided written consent to participate. The study was approved by the Human Ethics Committee of the Institute and complied with the guidelines of the Declaration of Helsinki.
Methods

Procedures
Preliminary experiments
During the first visit to the laboratory, participants performed five sets with a gradually increasing load (familiarization exercises) using seated leg press machine (SSC RF Institute of Biomedical Problems RAS, Russia) with pneumatic drive (FESTO). Before the second visit, all participants refrained from any physical activity for 3 days. During the second visit, the 1RM for each leg was determined. For this purpose, participants performed a warmup with a light weight and then performed one repetition with a gradually increasing weight until they were unable to move the weight. The last proper repetition was designated the 1RM; volunteers performed no more than five attempts to prevent fatigue. After a 15 min rest, the exercise session (three sets to exhaustion with a load corresponding to 65% 1RM for one leg and 85% 1RM for the other leg) was performed to ensure familiarization with the load to be used during the experiment. The choice of legs for different exercise loads was randomized in a counter-balanced manner.
Main study
All participants refrained from any physical activity for 3 days before the day of the experiment. Participants arrived at the laboratory at 07:00 and consumed a standardized light breakfast (1135 kJ; 8 g protein, 50 g carbohydrate, 4 g fat). From 09:00, they laid on a couch for half an hour. Next, venous blood was obtained from the v. intermedia cubiti via a catheter and microbiopsy samples (Hayot et al. 2005) were taken from the m. vastus lateralis of each leg under local anesthesia (2 mL 2% lidocaine). After the biopsy, the volunteers performed a warm-up session with a light weight, followed by four sets of leg press to fatigue with a moderate load (65% 1RM) for one leg and the four sets of leg press to fatigue with a high load (85% 1RM) for the contralateral leg. Sets were performed alternately with rest intervals of 2 min: i.e., each leg received 4 min rest between consecutive sets. Venous blood samples were obtained immediately after cessation of exercise and again 15 min later. Biopsy of the m. vastus lateralis was performed at 1, 5, and 10 h after cessation of exercise. For each subsequent biopsy, a new puncture was made 2 cm proximal to the previous one. Muscle samples were quickly blotted with gauze to remove superficial blood, frozen in liquid nitrogen, and stored at À80°C until further analysis. A standardized meal (4849 kJ; 37 g protein, 126 g carbohydrate, and 67 g fat) was provided at 75 min and at 5.5 h after exercise.
Measuring of blood lactate and hormone levels
Lactate levels in venous blood were measured immediately after collecting using a Biosen C-line analyzer (EKF Diagnostics, Germany). The blood was collected in tubes with EDTA and centrifuged (1500g, 15 min); the supernatant aliquots were frozen at À80°C. Blood cortisol and testosterone levels were evaluated in enzyme-linked immunosorbent assays (ELISA) using commercial ELISACortisol and ELISA-Testosterone Kits (ImmunoTek, Moscow, Russia). Aliquots were used once. All measurements were made in duplicate; the coefficient of variation not exceeding 5%.
RNA extraction
Frozen samples (~20 mg) were sectioned (20 lm thick) using an ultratome (Leica Microsystems) and RNA extracted using an RNeasy Mini Kit (Qiagen). RNA concentration and purity were measured using a NanoDrop 2000 spectrophotometer (Thermo Scientific). After DNase treatment (Fermentas), cDNA was synthesized from 1 lg of total RNA using the MMLV Reverse Transcriptase kit (Evrogen).
Real-time polymerase chain reaction
Real-time polymerase chain reaction (PCR) was performed using the Rotor-Gene Q cycler (Qiagen). The annealing temperature was optimized for each primer pair. The thermal profile included an initial heat denaturing step at 95°C for 5 min, followed by 45 cycles of denaturation at 95°C for 15 sec, annealing (56-60°C) for 30 sec, and extension at 72°C for 30 sec. Amplified genes were quantified via fluorescence using the EvaGreen Master Mix (Syntol). The specificity of amplification was monitored via melting curve analysis and agarose gel (1%) electrophoresis. Each sample was run in triplicate and a nontemplate control was included in each run. Target gene mRNA expression levels were calculated using the efficiency-corrected ΔCt method with the formula:
ciency (E) was calculated using standard curves corresponding to target and reference genes (RPLP0 and GAPDH). Each standard curve included six points (diluted PCR product), with triplicate data obtained for each point. The expression of the reference genes did not change during the experiment. The primer sequences are shown in Table 1 .
Western blot analysis
Frozen samples (~10 mg) were homogenized in ice-cold RIPA buffer containing protease and phosphatase inhibitors (50 mmol/L b-glycerophosphate, 50 mmol/L NaF, 1 mmol/L Na 3 VO 4 , 20 lg/mL aprotinin, 50 lg/mL leupeptin, 20 lg/mL pepstatin, and 1 mmol/L PMSF). Samples were centrifuged for 10 min at 10,000g at 4°C. The supernatant was collected and stored at À80°C until analysis. Protein content was analyzed using the bicinchoninic acid assay. Samples were mixed with Laemmli buffer, loaded onto a 10% polyacrylamide gel (20 lg protein per lane), and electrophoresis was performed using the Mini-PROTEAN Tetra Cell system (Bio-Rad) at 20 mA per gel. Proteins were transferred to nitrocellulose membranes for 30 min at 25 V using the Trans-Blot Turbo system (BioRad). Membranes were stained with Ponceau S to verify protein transfer quality, followed by washing and incubation for 1 h in 5% nonfat dry milk. Next, membranes were incubated overnight at 4°C with anti-TSC2 The next day, membranes were incubated for 1 h with an HRP-linked secondary antibody (Cell Signaling Technology) and washed with PBS-Tween 20 after each step (three times for 5 min each). Following incubation of membranes with ECL substrate (Bio-Rad), luminescent signals were captured using the ChemiDoc Imaging System (Bio-Rad). Densitometry was performed using Image Lab 5.0 (Bio-Rad). All values were expressed as the ratio of staining intensity for the target protein to the staining intensity of all proteins in corresponding electrophoresis lanes (in gels stained with Coomassie blue) as described previously (Ghosh et al. 2014) .
Statistical analysis
Because the number of samples was small (n = 8), data are expressed as the median and IQR. For the same reason, no analysis of normality of distribution was carried out. Friedman's test with Dunn's multiple comparison was used to compare pre-and postexercise values. Differences between high-intensity and moderate-intensity exercise sessions were analyzed using the Mann-Whitney test. The level of significance was set at P ˂ 0.05. Statistical analysis was performed using GraphPad Prism 7 software (GraphPad Software).
Results
In all volunteers, the 1RM for each leg was similar. The work volume performed by the leg moving a moderate load was 32% higher (P ˂ 0.001) than that of the contralateral leg moving a high load (Table 2 ). Blood lactate levels increased more than 10 times after cessation of exercise (P ˂ 0.001). Blood cortisol levels increased after 15 min of recovery (P ˂ 0.001), whereas blood testosterone levels did not change (Table 3) .
Phosphorylation of tuberin (TSC2 Thr1462 ) did not change after exercise under moderate or high load, with no differences between exercises (Fig. 1a) . Phosphorylation of the p70 ribosomal protein S6 kinase (p70S6k Thr389 ), taken as an average during the recovery time after exercise, increased only after exercise under moderate load (P ˂ 0.05; Fig. 1b) . However, there was a significant difference in phosphorylation of p70S6k Thr389 between the moderate and high load legs at 5 h postexercise (P ˂ 0.05). Phosphorylation of the 4E-binding protein 1 (4E-BP1 Thr37/46 ) [as an average measured over the time of recovery] increased only after exercise under moderate load (P ˂ 0.05; Fig. 1c) , whereas phosphorylation of p70S6k
Thr421/Ser424 increased at 1 and 5 h after exercise under moderate load (P ˂ 0.05; Fig. 1d ). By contrast, phosphorylation of extracellular signal-regulated kinases 1 and 2 (ERK1/2 Thr202/Tyr204 ) [as an average measured over the time of recovery] increased only after exercise under a high load (P ˂ 0.05; Fig. 1e ). Phosphorylation of translation elongation factor 2 (eEF2
Thr56
) fell significantly at 1 (P ˂ 0.001), 5 (P ˂ 0.01), and 10 (P ˂ 0.01) h after cessation of exercise under high load (Fig. 1f) . At 1 h after cessation of exercise, phosphorylation of eEF2
Thr56 differed significantly according to load (P ˂ 0.05). Phosphorylation of acetyl-CoA carboxylase (ACC
Ser79
) increased significantly at 1 h after termination of exercise under moderate load (P ˂ 0.01; Fig. 1g) ; this increase was significantly greater than that observed after exercise under high load (P ˂ 0.05). Phosphorylation of forkhead box O1 (FOXO1
Ser256
) fell significantly after exercises under both loads [5 h after moderate load exercise (P ˂ 0.001) and 1 h after high load exercise (P ˂ 0.05)] (Fig. 2h) .
Expression of the FOXO1 gene increased 5 h after exercise under moderate load (P ˂ 0.01; Fig. 2a ). There were no significant differences in expression of tripartite motif containing gene 63 (TRIM63 also known as MURF1) under either load (Fig. 2b) . Expression of the F-box protein 32 gene (FBXO32, also known as Atrogin-1) fell at 10 h postexercise with a load of 85% 1RM (P ˂ 0.05; Fig. 2c) . Expression of the DNA damage inducible transcript 4 gene (DDIT4, also known as REDD1) fell at 5 and 10 h after exercises under moderate and high load (Fig. 2d) .
Discussion
The aim of this study was to examine activation of signaling molecules that regulate protein synthesis at the level of translation initiation and elongation, as well proteolysis in human skeletal muscle after exercise to volitional fatigue under moderate and high load. We found that phosphorylation of mTORC1 substrates increased after moderate load exercises, while phosphorylation of ERK1/ 2 Thr202/Tyr204 increased, and that of eEF2 Thr56 decreased, after high load exercises. These findings suggest that high and moderate load strength exercises performed to failure induce activation of different signaling cascades.
We chose to enroll strength athletes because signaling responses in trained muscles in response to strength exercises are more specific than those in untrained muscles (Raue et al. 2012 ). In addition, strength athletes possess ERK1/2 Thr202/Tyr204 (e), eEF2 Thr56 (f), ACC Ser79 (g), and FOXO1 Ser259 (h) in skeletal muscle at 1, 5, and 10 h after high load (shaded column; 85% 1RM) and moderate load exercise (white column; 65% 1RM). Representative immunoblots of the above are shown in (i). Data represent the median and interquartile range. * denotes a significant difference from pre-exercise levels (*P < 0.05, **P < 0.01, ***P < 0.001). # denotes a significant effect of exercise load ( well-developed neural control and can recruit more muscle fibers during exercise under high load (Gabriel et al. 2006) . It was shown that muscle hypertrophy is the result of accumulated increases in myofibrillar protein synthesis after resistance exercise mainly after attenuation of muscle damage (Damas et al. 2016) . Thus, comparable muscle hypertrophy after exercise to fatigue with various intensities in untrained muscle can be associated not only with comparable activation of anabolic signaling, but also with the pronounced exercise-induced injuries, as well as with efficiency of recovery. Additionally, Damas and coauthors showed that exercise-induced muscle damage after 3 weeks of training is much less pronounced than before training (Damas et al. 2016) . We assume that in the trained skeletal muscle, in contrast with untrained, activation of anabolic signaling is associated with changes in the rate of protein synthesis after acute exercise and with regular training-induced hypertrophy. That is why volunteers, who regularly use strength exercises for legs, including the leg press, were recruited in our study. We found that levels of cortisol and lactate, both markers of exercise-induced stress (Kraemer and Ratamess 2005; Fragala et al. 2011 ), increased; this may be related to the large amount of work performed and the marked levels of exercise-induced stress. At the same time, volunteers performed both high load and moderate load strength exercises in a single exercise session, i.e., the potential influence of system factors on signaling processes in muscle was identical.
The work volume performed during moderate load exercises was higher than that during high load exercises.
This may have led to more pronounced metabolic changes in muscle after moderate load exercise. This was confirmed indirectly by a more pronounced increase in phosphorylation of ACC Ser79 , a well-known marker of AMP-activated protein kinase (AMPK) activation (Ha et al. 1994) , after moderate load exercises than after high load exercises. Thus, exercise under high and moderate loads differed not only in term of mechanical stimulus, but also in terms of the metabolic shift induced by exercise, which may lead to activation of different signaling cascades.
Activation of mTORC1 was detected only after exercise under moderate load. Moreover, phosphorylation of p70S6K
Thr389 at 5 h after cessation of exercise was higher after moderate load exercise than after high load exercise. A previous study showed that in contrast with exercise performed at 90% 1RM to fatigue, exercise with a load of 30% 1RM to fatigue led to an increase in phosphorylation of p70S6k
Thr389 and 4E-BP1 Thr37/46 at 4 h after termination of the exercise session in recreationally active men (Burd et al. 2010) . In that study and the present study, the exercise sessions at different loads involved different total work volume. Another study revealed no differences in the activation of mTORC1 after high-volume and high-intensity exercises in the muscles of trained volunteers (Gonzalez et al. 2015) , but high-volume and highintensity loads were not carried out to volitional fatigue. In our study, activation of mTORC1 depends on total work volume, rather than exercise load. These results are in agreement with studies in animal models (Ogasawara et al. 2017 ) and recreationally active men (Terzis et al. 2010) reporting dependence of changes in the magnitude of mTORC1 activation on total work volume. The protein complex tuberin-hamartine (TSC1/TSC2) is an important negative regulator of mTORC1 activity (Huang and Manning 2009 ). Therefore, we investigated pathways that activate (via REDD1 gene expression (Wolff et al. 2011 ) and AMPK activation (Huang and Manning 2009) ) and negatively regulate TSC1/TSC2 activity (via phosphorylation of AKT1-dependent site TSC2 Thr1462 (Manning et al. 2002) ). We noted significant differences in phosphorylation of ACC Ser79 after high load and moderate load exercises. However, in contrast with that after moderate load exercises, AMPK activation after high load exercises was not observed. Expression of REDD1 and phosphorylation of TSC2 Thr1462 did not differ between high or moderate load exercises. Thus, lack of mTORC1 activation after high load exercise was not associated with activation of TSC1/TSC2. Burd et al. (2010) did not observe activation of mTORC1 after a high load exercise; however, the mixed fractional synthesis rate increased to values comparable with those after low load exercises after which mTORC1 activation was observed in recreationally active humans. Thus, mTORC1 is not the only regulator that mediates increases in protein synthesis rate after strength training. A previous study shows that maximum electrostimulation-induced contractions of rodent muscle activated mTORC1 as well as a number of mitogen-activated protein kinases (MAPKs) and Ca 2+ /calmodulin-dependent protein kinases (CAMKs) (Potts et al. 2017) . To identify possible reasons for comparable activation of the protein synthesis rates after strength exercise under different loads, we analyzed activation of signal cascades potentially involved in regulating the rate of protein synthesis.
ERK1/2 activates mTORC1 by inhibiting the TSC1/ TSC2 complex, and activates translation initiation and elongation by activating p90 ribosomal S6 kinase (p90RSK) (Proud 2007) . eEF2 is the key regulator of translation elongation, and its activity increases as phosphorylation of Threonine 56 (Proud 2007) decreases. A decrease in the phosphorylation of eEF2 Thr56 can be mediated by different mechanisms, including the ERK1/2-p90RSK-eEF2k and p70S6k-eEF2k pathways (Wang et al. 2001) . In our study, we detected an increase in ERK1/ 2 Thr202/Tyr204 only after the high load exercises. In addition, a prolonged (up to 10 h recovery) fall in phosphorylation of eEF2
Thr56 was observed after high load exercises, and differences after high load and moderate load exercises were significant. The parallel increase in phosphorylation of ERK1/2 Thr202/Tyr204 and decrease in phosphorylation of eEF2
Thr56 after the high load exercise may be evidence of ERK1/2-p90RSK-eEF2k-dependent activation of eEF2. Thus, the absence of mTORC1 activation after high load exercise was compensated for by an increase in phosphorylation of ERK1/2 Thr202/Tyr204 and a decrease in phosphorylation eEF2
Thr56 . In contrast with our study, Burd et al. (2010) did not observe an increase in phosphorylation of ERK1/2 Thr202/ Tyr204 and a decrease in phosphorylation of eEF2
Thr56 after a high load exercise in recreationally active men. The power lifters that participated in our study usually perform exercises at near maximal weight when training and competing. Training with high loads, unlike training with moderate loads, leads to a greater increase in strength due to an increase in specific force (Schoenfeld et al. 2017) . A previous study shows that training with submaximal weight contributes to development of neuromuscular adaptation in trained people (Hakkinen et al. 1985) . We assume that the reason for the difference in phosphorylation of ERK1/2 Thr202/Tyr204 and eEF2 Thr56 during high load exercises between the findings of our study and that of Burd et al. (2010) is training status of the participants. These changes in our study are probably due to higher muscle activation and greater mechanical stimulus in power lifters. In addition, there were differences between their study and ours in terms of the timing of biopsy sampling and diet regime. In another study, the same activation of MEK-ERK1/2 signaling was shown both after exercises with moderate (60-65% 1RM) and high (80-85% 1RM) intensities in the muscles of untrained volunteers (Taylor et al. 2012) . Importantly, in this paper, both moderate and high intensity exercises were not performed until volitional fatigue, besides that the volume of the total work performed and training status of volunteers significantly differed from our study.
Muscular hypertrophy, which is induced by strength training, depends both on the rate of protein synthesis and on the rate of proteolysis. Important regulators of ubiquitin-dependent and lysosomal-mediated protein degradation are FOXO transcription factors (Sandri et al. 2004; Zhao et al. 2007 ). In our study, we observed decreased phosphorylation of FOXO1 Ser256 (an activation marker (Brunet et al. 1999) ) after both types of exercise. This may be due to the fact that activation of FOXO1 Ser256 is regulated by systemic factors such as insulin (van der Vos and Coffer 2011). Expression of the FOXO1-dependent gene MURF1 did not change after exercise under either load, whereas that of FOXO1 increased significantly only after moderate load exercise. Since systemic factors in both cases had the same effect on signaling processes, it is possible that an increase in FOXO1 expression was due to activation of AMPK after moderate load exercise. A previous study reported a link between AMPK activation and increased expression of FOXO1 (Lee et al. 2015) . In our study, expression of the E3-ubiquitin ligase Atrogin-1, which is also regulated by AMPK, fell after high load exercise. Since this occurred 10 h after the cessation of exercise, it is likely not related to changes of AMPK activation observed 1 h after cessation of exercise. In previous studies, the effects of moderate and high intensity exercises on activation of the MEK-ERK1/2 cascade (Taylor et al. 2012 ), on regulation of myogenesis (Wilborn et al. 2009 ) in the muscle of recreationally active men, and on activation of mTORC1 in muscle of strength trained men (Gonzalez et al. 2015) were evaluated. There were no differences in signaling activation and expression of genes regulating myogenesis after different exercises in these studies. In contrast with our work, in these studies, two exercise sessions were separated by a week. Therefore, the physiological state of the volunteers during the first and second exercise session could be different. Our experimental model allowed us to identify differences between the exercises with different intensities, as they were performed with the identical influence of systemic factors.
Conclusions
In conclusion, exercise performed to volitional fatigue under a moderate load and a high work volume activated mTORC1-dependent signaling, whereas exercise under a high load but a lower work volume resulted in activation of the MEK-ERK1/2 signaling cascade and eEF2, in trained skeletal muscle. Expression of markers of ubiquitin-proteasome system activation did not differ after high or moderate load exercise. Based on these data, we suggest that activation of mTORC1 after strength training is dependent on the work volume, whereas activation of MEK-ERK1/2 and eEF2 is dependent on the load. Data showing comparable rates of protein synthesis observed after a single exercise session under different loads, and comparable hypertrophy levels after strength training under different loads performed to volitional fatigue, can be explained by activation of different signaling pathways that affect the level of translation initiation and elongation.
